Tip leakage loss reduction is important for improving the turbine aerodynamic performance. In this paper, the flow field of a transonic high pressure turbine stage with a squealer tip is numerically investigated. The physical mechanism of flow structures inside the cavity that control leakage loss is presented, which is obtained by analyzing the evolution of the flow structures and its influence on the leakage flow rate and momentum at the gap outlet. The impacts of the aerodynamic conditions and geometric parameters, such as blade loading distributions in the tip region, squealer heights, and gap heights, on leakage loss reduction are also discussed. The results show that the scraping vortex generated inside the cavity is the dominant flow structure affecting turbine aerodynamic performance. An aerolabyrinth liked sealing effect is formed by the scraping vortex, which increases the energy dissipation of the leakage flow inside the gap and reduces the equivalent flow area at the gap outlet. The discharge coefficient of the squealer tip is therefore decreased, and the tip leakage loss is reduced accordingly. Variations in the blade loading distribution in the tip region and the squealer geometry change the scraping vortex characteristics, such as the size, intensity, and its position inside the cavity, resulting in a different controlling effect on leakage loss. By reasonable blade tip loading distribution and squealer tip geometry for organizing scraping vortex characteristics, the squealer tip can improve the turbine aerodynamic performance effectively.
Introduction
Due to the existing radial gap between the rotating blades and the stationary casing of a turbine, a tip leakage flow driven by the pressure difference between the blade pressure side and suction side is formed. When the leakage flow inevitably mixes with main flow, the leakage loss occurs, which accounts for about 1/3 of the total blade passage loss in unshrouded turbines [1] . This large loss highlights the importance of controlling tip leakage loss for efficient operation of turbine components and even the whole turbomachinery.
There are two types of blades in turbines, i.e. shrouded blades [2, 3] and unshrouded blades. For unshrouded blades, different tip shape designs are commonly utilized for reduction of leakage loss, mainly including winglets [4, 5] and squealers [6e8] . Squealer tips have three typical types, tips with a suction side squealer, a pressure side squealer or a double side squealer. The double side squealer tip, which is referred as a squealer tip in this paper, has out of these gained the most attention because of its excellent aerodynamic performance [9] . This squealer tip can separate the flow at the top of the two squealers, meaning it can block the leakage flow twice and enhance the mixing of the leakage flow inside the cavity. These actions bring a smaller discharge coefficient that reduces more leakage loss than that of flat tips and single squealer tips [10, 11] . The aerodynamic advantage of the squealer tip is confirmed by many researchers [12, 13] . For example, when comparing the squealer tip to the flat tip, Krishnababu et al. [14] noticed a decrease of 8% in leakage mass flow and an obvious reduction of total pressure loss coefficient; Zhou [15] found that the loss produced by the squealer tip was about 13% lower than that of the flat tip in a transonic turbine cascade; Kegalj et al. [16] applied a squealer tip in a 1 1/2 stage turbine and improved the isentropic efficiency of a rotor stage by 0.24%. With deepening study of the squealer tip, researchers have noticed that there are many vortices residing inside the cavity [17e19], such as the cavity vortex, the scraping vortex and the corner vortex. When these vortices' characteristics change, they alter the mixing of leakage flow inside the cavity and the separation bubble at the top of the suction side squealer, affecting the controlling effect of squealer tip on leakage flow [20] . Since becoming aware of the importance of flow structures inside the cavity, researchers have begun to study the physical mechanism of flow structures that control leakage flow and obtained some different explanations. Coull et al. [21] argued that the cavity vortex entrains and convects some part of the leakage flow, giving a high sealing effectiveness because of a significant mixing inside the cavity. Virdi et al. [22] emphasized that the friction pulling force of relative moving casing helps the formation and enhancement of the cavity vortex, which wraps leakage flow inside the cavity and intensifies mixing. Yang et al. [23, 24] showed that a circumfluence vortex is formed near the moving casing. This vortex makes the leakage flow turn and impinge onto the cavity floor. At present, according to the author's knowledge, a consistent conclusion has not yet been proposed on the physical mechanism of flow structures that control leakage flow, and there seems to be no public paper investigating the dominant flow structure that affects the aerodynamic benefits of the squealer tip.
For further improvement of turbine aerodynamic performance, squealer shape optimization has been investigated in several studies. In order to enhance the blockage effect of the flow separation at the top of pressure side squealer, Prakash et al. [25] suggested a squealer tip with an inclined pressure side squealer rim. The inclined rim can increase the blocked area through a larger flow separation in the pressure side squealer tip gap, enhancing leakage flow control compared to a conventional one. The aerodynamic benefit of this squealer tip has been confirmed by other researchers [26] . Some squealer shape optimizations have also been done to change flow structures inside the cavity for the enhancement of leakage loss control. For example, Mischo et al. [27, 28] modified both generation and interaction of vortices inside the cavity by variation of the squealer geometry. By doing so, the recirculation zone in the front part of the cavity is eliminated, resulting that a lower leakage loss generated compared to that with a base line squealer tip. In other researches, the combination of squealers and winglets has also been used for leakage loss reduction [19, 24] . Because of a longer distance between the two squealer rims, the flow mixing inside the cavity is enhanced and the size of the separation bubble at the top of the suction side squealer is increased, which effectively reduce leakage loss [29] . From the results of these studies, it is clear that certain aerodynamic benefits have successfully been obtained by the squealer geometry optimizations or improvements. However, because no dominant flow structure has been determined, along with its characteristics' effect on leakage loss control, the investigations of squealer geometry improvement and optimization are so far still in a stage of individual attempts.
To provide a better understanding of the physical mechanism of the flow structures inside the cavity that control leakage loss, this paper relates some aerodynamic parameters at the squealer tip gap outlet to the flow structures evolution. Based on this relationship, the dominant flow structure inside the cavity is captured and validated. The influence of its evolution on leakage flow control is further explained. From point of view of the dominant flow structure, the impacts of blade loading distributions in the tip region and squealer geometric parameters on leakage flow control are investigated. Meanwhile, a squealer tip design method is also discussed, which provides a guide for better design of high performance turbine blades.
Computational setup

Turbine in study
The turbine geometry used in this study is a transonic single stage turbine of the Institute of Thermal Turbomachinery and Machine Dynamics (TTM) [30] , as shown in Fig. 1 . The main geometric parameters and the operation conditions of the turbine stage are listed in Table 1 .
The study of tip leakage flow in this paper is carried out based on two types of tip, a flat tip and a squealer tip with an inclined pressure side squealer rim. Fig. 2 shows the geometry of the squealer tip, with its smooth connection between the pressure side of blade and the squealer rim. The height and the width of the squealers are 1.5t and 1.0t, respectively. The inclination of the pressure side squealer rim is 60 , which gradually decreases to 0 near the leading edge and the trailing edge. The definition of the inclination is shown in Fig. 2 (b).
Numerical methods
The numerical simulation in this study uses the software ANSYS CFX to solve steady viscous Reynolds Averaged Navier-Stokes equations with a time pursuing finite volume method. The Shear Stress Transport (SST) turbulence model is employed for turbulence closure. This turbulence model has been verified by inhouse experimental data, which demonstrates that the SST turbulence model can accurately predict the aerodynamic performance and flow details of turbines [32] . The spatial discretization uses a second order upwind scheme. The computational domain consists of one stator channel and one rotor channel as shown in Fig. 3(a) . Total temperature, total pressure and inflow angle are used as the inlet boundary conditions, and static pressure as the outlet boundary condition. Both surfaces at the circumferential side of the stator and the rotor channels are set as periodic boundary conditions. All the wall faces are set as adiabatic with no slip.
The domain meshes are generated by the software Numeca Autogrid5. An H-type grid topology is used in the main channel, and an O-type grid topology is used near the blade wall and inside the tip gap. To avoid the numerical discrepancy caused by different meshing methods, the same grid topology is used for the flat tip and the squealer tip endwall zones, as shown in Fig. 3(b) and (c). The wall distance of first mesh cell is set to 0.001 mm, and the calculated yþ is about 1.2.
Grid independency analysis is performed to check the impact of mesh density on numerical results and to determine the appropriate mesh number. The radial mesh number in the gap is analyzed and determined firstly. The five cases of varied gap mesh density calculated in the flat tip environment are shown in Table 2 .
A comparison of leakage flow rates for different grid schemes is shown in Fig. 4 . The difference in leakage flow rate is becoming smaller following an increasing mesh number. When the mesh number exceeds that of Grid4, the change of leakage flow rate is less than 0.3%. Fig. 5 shows a comparison of flow details at the middle of the gap displayed by Mach number contours. It is indicated that the flow field prediction inside the gap has no obvious change when Grid4 is used.
The spanwise distributions of the circumferentially averaged total temperature, total pressure and velocity flow angle at the rotor outlet are compared in Fig. 6 . The rotor outlet is at Plane C3 in Fig. 1(a) . The positions of the maximum parameter difference caused by varied mesh number are also displayed in Fig. 6 . With increasing gap mesh number, the numerical discrepancies caused by the different mesh numbers are gradually reduced. When the mesh number exceeds that of Grid4, these parameter discrepancies are less than 0.3%.
Grid independency analyses at other positions and directions are carried out in the same way, indicating that the mesh allocations used in Grid4 satisfy the accuracy requirement. Therefore, Grid4 is used in this work.
The numerical results are compared to public experimental data from Ref. [28] for validation. The parameters of the channel mass flow rate and turbine power are chosen for the comparison, as shown in Fig. 7 . The numerical results of mass flow rates at different operation conditions are in excellent agreement with experiment. The predicted turbine powers at different operation conditions are also in good agreement with experiment, except for a minimal difference in the condition of largest expansion ratio. In general, the numerical method used in this study shows an ability to accurately predict the aerodynamic performance of the turbine. Table 3 shows the numerical results of the leakage flow rate and the efficiency of the flat tip and the squealer tip. Compared to the flat tip, there is an obvious reduction of leakage flow rate when using the squealer tip. The turbine stage efficiency has an increase of 0.5%, showcasing a better aerodynamic performance.
The amount of tip leakage loss can be estimated by
Tip leakage loss can be divided into internal gap loss and external mixing loss. The internal gap loss is given by (2) and the external gap loss is given by
A dimensionless leakage loss coefficient z is used for comparison. It is made dimensionless by division of the total leakage loss of the flat tip rotor. gap is 8.3% higher than that in the flat tip gap, the external mixing loss of the squealer tip is 28.9% lower than that of the flat tip. As a result, the squealer tip reduces the total leakage loss by 20.6%. It can be inferred that the aerodynamic performance improvement of the turbine with the squealer tip mainly relies on the reduction of the external mixing loss in the tip region. Details of the mixing loss in the tip region are found by contours of entropy increase at different streamwise sections, as shown in Fig. 9 . The streamwise direction is defined as the tangential direction of the camber line at the blade top. All sections in Fig. 9 are perpendicular to the camber line. For the two cases, the regions of high entropy increase caused by mixing are mainly concentrated in the downstream of the 50% streamwise position, while a small entropy increase occurs upstream. Compared to the flat tip, the mixing loss of the squealer tip is gradually reduced from the position just short of 50% streamwise position, which represents the beginning of the controlling action on leakage loss.
Causes of tip leakage loss reduction by the squealer tip
Based on the mixing loss model presented by Young and Wilcock [33] , the amount of mixing loss between leakage flow and main flow can be estimated by
This model demonstrates that, the mixing loss is dependent on the leakage flow rate and the velocity differences in the normal and the tangential direction between leakage flow and main flow. The influences of the leakage flow rate and the velocity difference on mixing loss are comprehensively represented by momentum difference. Therefore, in this study, leakage flow rate, normal momentum difference and tangential momentum difference are chosen to explain the mixing loss discrepancy of the two tips. Because the normal velocity of the main flow is zero, the normal momentum difference equals the normal momentum of the leakage flow itself.
1) Leakage flow rate
The distribution of leakage flow rate per unit area along the streamwise direction is presented in Fig. 10 . The leakage flow rate per unit area is defined by
The position of the tip outlet is also shown in Fig. 10 (a). In the upstream of the 45% streamwise position, the distributions of leakage flow rate of the two tips are similar, showing a rapid increase along the streamwise position. Here, the leakage flow rate of the squealer tip is always slightly less than that of the flat tip. In the 45%e73% streamwise region, there is a significant discrepancy between two leakage flow rate distributions. For the flat tip, the leakage flow rate continues to increase to maximum value, and then decreases gradually. For the squealer tip, the leakage flow rate begins to rapidly decrease until 65% streamwise position, and then increases sharply until approximately reaching the value of the flat tip. Downstream of the 73% streamwise position, the distributions of leakage flow rate of two tips are roughly the same.
The distribution of accumulated leakage flow rate, which is made dimensionless by the mass flow rate of the main flow, is shown in Fig. 10 (b). It shows that the accumulated leakage flow rates of two tips from the leading edge to the 45% streamwise position are relatively small, accounting for about 20% of total leakage flow rate. Much more leakage flow rate is generated in the downstream of the 45% streamwise position. Fig. 10 (b) also shows the difference between two tips' m acc as the green line in the figure. It varies significantly in the 45%e73% streamwise region, and insignificantly in the other streamwise regions. This implies that the discrepancy between the total leakage flow rates of the two tips is caused by their differences in the 45%e73% streamwise region. Compared to the flat tip, a total of 19% reduction of leakage flow rate is achieved by using the squealer tip.
2) Momentum difference between leakage flow and mainstream
The distribution of normal and tangential momentum difference per unit area along the streamwise direction is shown in Fig. 11 . The momentum difference is calculated by
Here, the main flow velocity is assumed to be the isotropic velocity of the suction side of the blade surface at 95% span. The normal direction is defined as the direction perpendicular to the tip outlet, and the tangential direction is defined as the direction perpendicular to the normal and the radial direction, as shown in Fig. 11(b) . The most significant discrepancies of momentum difference still appear in the 45%e73% streamwise region. The squealer tip not only reduces the leakage flow rate apparently in this region, but also decreases the momentum differences in the normal and tangential directions, and is therefore beneficial to leakage loss reduction. In the upstream of the 45% streamwise position, the normal and the tangential momentum differences of the squealer tip are relatively small compared to those of the flat tip. This indicates that the squealer tip has a limited controlling effect on the leakage loss in this region. In the downstream of the 73% streamwise position, the squealer tip has small momentum differences except for an increase of tangential momentum difference near the cavity end, meaning that little benefit for leakage loss control is obtained.
In order to explain the discrepancy of the tangential momentum difference in the 45%e73% streamwise region, the tangential velocity difference between the leakage flow and the main flow at the gap outlet is also calculated. The distributions of tangential velocity difference are shown in Fig. 12 . It can be seen that, in the 50%e65% streamwise region, the change of tangential velocity difference between the flat tip and squealer tip is very small. Meanwhile, Fig. 11 shows an obvious discrepancy between tangential momentum differences in the same region. Therefore, it can be deduced that the smaller tangential momentum difference at the squealer tip gap outlet is caused by the reduction of leakage flow rate. In the 45%e50% and the 65%e73% streamwise regions, the tangential velocity difference at the squealer tip gap outlet is smaller than that at the flat tip gap outlet. This indicates that the reductions of both the leakage flow rate and the tangential velocity difference make the tangential momentum difference smaller than that of the flat tip. In general, the reduction of leakage flow rate is the primary reason for the reduction of the tangential momentum difference of the squealer tip. From the analysis above, it is shown that by the reduction of leakage flow rate and normal momentum in the 45%e73% streamwise region, the squealer tip achieves to control the leakage loss effectively.
3.2. Physical mechanism of flow structures inside the cavity that control leakage loss 3.2.1. Analysis of key aerodynamic parameters affecting leakage loss control
The leakage flow rate and normal momentum at the gap outlet can be predicted by:
The Dp equals the pressure difference between the pressure side and the suction side of the blade in the tip region. The discharge coefficient is defined as:
Here, p * in and p * out do not include the tangential dynamic pressure. Therefore, under the condition of identical gap height, the driving force Dp and discharge coefficient C d are the key aerodynamic parameters affecting leakage loss. The discharge coefficient is mainly determined by the total pressure loss when the leakage flow passes through the gap and the equivalent flow area at the gap outlet.
Influence of flow structures inside the cavity on the key aerodynamic parameters
The change of the key aerodynamic parameters is closely related to the flow structure variation inside the gap. Fig. 13 shows the distribution of Mach number and streamlines in the two tip regions. For the flat tip, the leakage flow is rapidly driven into the gap by the driving force, keeping almost a constant direction inside the gap. It then leaves the gap, forming the tip leakage vortex because of fluid viscosity. For the squealer tip, there is a significantly different flow structure inside the gap. From Fig. 13 , it is clear that some vortices are formed inside the cavity by the leakage flow starting from the leading edge. When downstream leakage flow enters the gap, it inevitably interacts with the vortices, changing leakage flow behavior such as flow velocity and direction.
Vortices in the squealer tip region are also identified using the Q-criterion [34] , as shown in Fig. 14 . The isosurfaces at Q ¼ 1E10 are displayed and contoured by the streamwise vorticity. This criterion with the same Q and contouring method will, when not specified otherwise, be used in the following sections. Multiple vortices are clearly recognized in the tip endwall region, such as the scraping vortex (SV), the suction side squealer corner vortex (SCV), the pressure side squealer corner vortex (PCV) and the tip leakage vortex (TLV) in the passage. Among these vortices, the PCV and the SV are the main flow structures inside the cavity. Fig. 14(b) further shows the flow pattern evolution inside the cavity. From the leading edge to the trailing edge, four types of the flow pattern appear in the evolution, namely A/B/C/D in Fig. 14(b) , which are closely related to the evolution of the SV.
Based on the flow structures described above, the driving force Dp and the discharge coefficient C d of the squealer tip are further analyzed.
(a) Normal momentum difference (b) Tangential momentum difference 
1) Driving force Dp
The driving force is related to the blade loading of the blade tip. In this paper, the pressure difference between pressure side and suction side at 95% blade span is assumed to be the driving force. Fig. 15 shows the blade loading distribution at 95% blade span, where the Cps in the figure is defined by
The blade loading of the squealer tip is not significantly changed compared to that of the flat tip, except for a slight increase of the suction side blade pressure near the 50% streamwise position. In order to explore the reason for this, the blade loading at the same position is given with no tip gap, as shown in Fig. 16 . The figure illustrates that the blade loading distribution of the squealer tip is almost the same as the flat tip. This implies that the squealer geometry does not change the blade loading. It also indicates that the variation of the suction side blade pressure is caused by the different leakage flow status in the tip region. Therefore, the leakage loss reduction gained by using the squealer tip is not achieved by changing the driving force.
2) Discharge coefficient C d Fig. 16 shows the discharge coefficient distributions of the flat tip and the squealer tip. Compared to the flat tip, the squealer tip reduces the discharge coefficient in most regions, with an especially significant reduction in the 45e73% streamwise region, which is extremely beneficial for leakage loss control. In the downstream of the 73% streamwise position, the discharge coefficient of the squealer tip is not smaller than that of the flat tip any more, indicating that little benefit will be obtained for leakage loss control. In order to explain the difference of the discharge coefficient distributions, Fig. 17 shows the distributions of total pressure loss coefficient in the gap, and Fig. 18 shows the equivalent flow area at the gap exit. The total pressure coefficient is given by
A large total pressure coefficient means that a large amount of energy dissipation occurs in the tip gap. To better understand the source of total pressure loss inside the squealer tip gap, Fig. 17 also shows the distributions of total pressure loss coefficients in the pressure side squealer tip gap (PS), cavity (CS), and the suction side squealer tip gap (SS).
In the region exhibiting the flow structure of type A (5%e25% streamwise region), the leakage jet flows into the gap from both the suction side and the pressure side (Fig. 13) . It causes a shear mixing inside the cavity with the vortex formation of the SCV, the PCV and the SV, with an increased total pressure loss compared to the flat tip. In addition, the air flow coming from the suction side blocks the leakage flow ejection, resulting in a clear reduction of effective flow area at the gap exit. Therefore, the discharge coefficient of the squealer tip is smaller than that of the flat tip in this region.
In the region exhibiting the flow structure of type B (25%e62% streamwise region) the size of the scraping vortex begins to increase gradually. Differently from the flat tip, the leakage jet enters the cavity and is subjected to an inducing and blocking effect. One part of the leakage flow moves toward the suction side squealer rim bypassing the scraping vortex, and the other part of the leakage flow is blocked by the scraping vortex, moving downstream inside the cavity. In this process, the scraping vortex forms a sealing effect inside the cavity, which is analogous to an aero-labyrinth seal. The total pressure loss in the gap, especially the loss inside the cavity, is therefore increased, which is beneficial to the reduction of the discharge coefficient. In pace with the variation of the blade loading and the depth to width ratio of the cavity along the streamwise direction, the scraping vortex gradually moves towards the suction side squealer rim, and its size begins to decrease after reaching its maximum, as shown in Fig. 19 . When the scraping vortex is relatively near to the suction side squealer, the leakage flow bypasses the scraping vortex and enters the suction side squealer tip gap with a larger incident angle (the angle between the direction of the leakage flow and the normal direction of the gap outlet). It makes the closed separation evolve into an open separation, as shown in Fig. 20 . At this moment, the aero-labyrinth liked seal caused by the scraping vortex not only increases energy dissipation, but also reduces the equivalent flow area at the tip gap. Because the open separation in the suction side squealer gap begins at 45% streamwise position, the total pressure loss coefficient in the suction side squealer tip gap begins to increase, and the equivalent flow area at the gap outlet decreases from the same position. This is the exact reason for the noticeable decrease of the discharge coefficient beginning at the 45% streamwise position.
In the region exhibiting the flow structure of type C (62%e73% streamwise region), the scraping vortex is much closer to the suction side squealer rim, with its size further reduced. In the 62%e68% streamwise region, the scraping vortex still has an inducing and blocking effect on the leakage flow, and causes the leakage flow to migrate along the cavity after impinging onto the suction side squealer rim, as shown in Fig. 13 . This makes for a larger difference between the total pressure loss coefficient in the squealer tip compared to that in the flat tip, as shown in Fig. 17 . Besides, the incident angle of the leakage flow in the suction side squealer tip gap is further increased, generating a greater flow separation, and the equivalent flow area at the gap outlet is reduced to a minimum. Therefore, the discharge coefficient continues to decrease, and reaches a minimum value. However, in the 68%e73% streamwise region, scraping vortex is much smaller, and eventually flows out from the cavity at the 73% streamwise position. This means that both the inducing and the blocking effect on the leakage flow gradually vanish. As a result, the total pressure loss in the gap, especially the loss inside the cavity, is rapidly decreased. Meanwhile, influenced by the scraping vortex evolution, the open separation in the suction side squealer tip gap gradually disappears, as shown in Fig. 20 . It causes the total pressure loss in the suction side squealer tip to decrease, and the equivalent flow area at the gap outlet to increase rapidly. In summary, the decreased energy dissipation of the leakage flow inside the squealer tip gap, together with the increased equivalent flow area at the gap outlet, results in an increase of the discharge coefficient in this region.
In the region exhibiting the flow structure of type D (73%e95% streamwise region), only the PCV exists inside the cavity. The leakage flow is no longer induced and blocked inside the cavity, and thus the energy dissipation and the equivalent flow area in the upstream of the region are almost the same as the ones of the flat tip. A negative value of the total pressure loss coefficient appears near the trailing edge. To illustrate the reason for this, the distribution of p * =p * 1 at the section of the 82% streamwise position, together with the streamlines passing through the gap inlet and outlet, are shown in Fig. 21 . It can be seen that the leakage flow at the gap outlet mainly comes from the low-energy region inside the cavity and from the high-energy region upstream. They mix at the gap outlet and make the mass averaged p * out slightly higher than p * in Fig. 18 . Distribution of equivalent flow area along the streamwise direction. Fig. 19 . Positions of the scraping vortex inside the cavity. Fig. 20 . Velocity vector of leakage flow in each section.
at the gap inlet of the same streamwise position. However, the discharge coefficient in this region is larger than that of the flat tip. This is because the leakage flow that is entrained and blocked by the upstream scraping vortex gradually overflows, as shown in Fig. 21 . Moreover, the leakage flow eventually stagnates at the wall near the cavity trailing edge, and flow out in the radial direction. An open separation in the suction side squealer gap is generated again, as shown in Fig. 22 . At this moment, a reduction of the equivalent flow area at the gap outlet appears again. According to the controlling effect of the scraping vortex on the leakage flow as it evolves along the cavity, it is appropriate to divide the tip region into three parts, as shown in Fig. 16 . Part I is the streamwise region from leading edge to the 45% streamwise position. Although a certain blocking and inducing effect on the leakage flow has been formed by the scraping vortex, little reduction of the equivalent flow area at the gap outlet occurs. Thus the squealer tip has a limited controlling effect on the leakage loss in part I. Part II is the 45%e73% streamwise region. The scraping vortex blocks the leakage flow in the gap, and reduces the equivalent flow area at the gap outlet by forming a larger flow incident angle in the suction side squealer gap. It means that the squealer tip in this part has a most significant controlling effect on the leakage loss, which is also shown by the streamwise distribution of the leakage flow rate and the normal momentum difference in Figs. 10 and 11. Part III is the region from the 73% streamwise position to the trailing edge. Here, the scraping vortex has flowed out from the gap. It implies that the squealer tip in this region has little control action on the leakage flow. Apparently, part II is the critical zone for leakage loss control, where the scraping vortex plays a critical role in the leakage loss reduction of the squealer tip.
According to the analysis above, it can be understood that an aero-labyrinth liked sealing effect is formed by the scraping vortex inside the cavity, which makes the squealer tip effectively reduce the leakage loss. Specifically, the sealing effect not only increases the energy dissipation inside the gap, but also decreases the equivalent flow area at the gap outlet. It therefore reduces the leakage flow rate and the normal momentum, obviously, and so decreases the external mixing loss of the squealer tip.
Influence of different scraping vortex characteristics on aerodynamic parameters of the tip gap outlet
In order to further demonstrate the controlling effect of the scraping vortex on leakage flow, the impact of varied scraping vortex characteristics on the key aerodynamic parameters at the gap outlet is investigated in this section. The variations are obtained by changing the casing relative velocity.
With the same rotor speed and other boundary conditions unchanged, five operation conditions are comparatively discussed by altering the casing relative velocity to 0%, 25%, 50%, 75%, and 100% of the original one. Here, the case 0% means that the casing is stationary relative to the rotor, and 100% means the casing is stationary in the laboratory frame of reference. Fig. 23 shows the distributions of the Mach number and the scraping vortex inside the cavity under the different conditions. The change of the casing relative velocity has a distinguished impact on the evolution of the scraping vortex. With the decrease of the velocity, the influencing scope of the scraping vortex is gradually reduced. The distributions of vortex core trajectories and vortex radiuses are shown in Fig. 24 . The location of the vortex core (x c , y c ) in each streamwise section is evaluated as follows [35] :
Here, G is the circulation and A is the integration area which is located inside of the scraping vortex. The vortex radius can be calculated by
Although the influencing scope is altered by different casing relative velocities, the evolution of the scraping vortex in the different cases is similar. The size of the scraping vortex has a tendency of first increasing and then decreasing along the cavity, and the scraping vortex always moves toward the suction side squealer rim before flowing out of the cavity. Fig. 25 shows the leakage flow rate and the normal momentum distributions along the streamwise direction under different conditions. It can be clearly seen that a significant discrepancy appears in the 25%e73% streamwise region. Combined with the evolution of the scraping vortex, it is found that when the influencing scope of the scraping vortex decreases, the critical zone, where the leakage flow rate and normal momentum are reduced distinctly, shrinks correspondingly. In the upstream of the 23% streamwise region where the scraping vortex has barely changed, and the downstream of the 73% streamwise position where no scraping vortex exists, the leakage flow rate and the normal momentum show little variation under different conditions.
Taking for example the comparison of the flow field in the case of 25% and 100% casing relative velocity, the impact of the varied scraping vortex on the aerodynamic parameters at the gap outlet is qualitatively discussed. As shown in Fig. 26 , it is the two streamwise positions of 45% and 65% that are considered. At the 45% streamwise position, the scraping vortex has been generated in both cases. However, in the case of 25% casing relative velocity, the scraping vortex is closer to the suction side squealer rim than that in the case of 100%. This indicates that the scraping vortex has the ability to increase the energy dissipation inside the cavity and decrease the equivalent flow area at the gap outlet, making the leakage flow rate and normal momentum smaller in the case of 25% casing relative velocity. At the 65% streamwise position, the scraping vortex has flowed out from the cavity in the case of 25% casing relative velocity, while still evolves in the case of 100%. The leakage flow is thus not induced and blocked distinctly in the case of 25% casing relative velocity, and the leakage flow rate and normal momentum are much larger than those in case of 100%. From the discussion above, it can be concluded that the varied influencing scope of the scraping vortex does affect the blocking and inducing effect of the squealer tip on the leakage flow. With varying influencing scope, the controlling effect on the leakage flow rate and normal momentum at the gap outlets are correspondingly altered, and with that, the aerodynamic benefit of the squealer tip will ultimately be changed. Therefore, it is inferred that the scraping vortex inside the cavity is the dominant flow structure in the squealer tip affecting turbine aerodynamic performance. Its characteristics have a very significant impact on the leakage flow control. It can also be deduced from the results of different conditions that the casing relative velocity has a large impact on the scraping vortex evolution. The relative motion of the casing needs to be considered when investigating the flow structures inside the cavity or when evaluating the squealer tip controlling effect on leakage loss.
Discussion of the squealer tip design method
For the squealer tip, both its aerodynamic conditions and geometric parameters have an impact on the formation and development of the scraping vortex, influencing the controlling effect on leakage loss. In this section, different aerodynamic and squealer tip geometric parameters, such as the blade loading in the tip region, the squealer height and the gap height, are discussed to explore their influence on leakage loss control. A suggestion on the squealer tip design is further discussed.
Blade loading distribution
Under the same aerodynamic boundary conditions and geometric parameters, different blade loadings in the tip section are achieved by adjusting the blade number. Three blade loading distributions at 95% span are given in Fig. 27 . In case1, the blade loading distribution is approximate to a mid-loading form with a higher load. In case2, the blade loading distribution is the datum with no adjustment of blade number. In case3, the blade loading distribution is approximate to an aft-loading form with a lighter load. Fig. 28 shows the scraping vortex evolution for the three cases. Compared to case2, the blade loading in the upstream of 50% streamwise position in case1 has a certain increase, making the scraping vortex move closer to the suction side squealer rim after its formation. This flow characteristic is beneficial for energy dissipation inside the gap and decrement of equivalent flow area at the gap outlet. It is thus advantageous to the leakage loss reduction. However, the vortex flows out of the cavity near the 65% streamwise position, reducing its influencing scope, which is disadvantageous to leakage loss control. In case3, there is no obvious difference in the influencing scope of the scraping vortex compared to case2. As the figure shows, both its size and position are almost identical along the streamwise direction.
The merits of the squealer tip on the key aerodynamic (a) 45% streamwise position (b) 65% streamwise position parameters in three cases are assessed by the relative variations of leakage flow rate and normal momentum per unit area at the gap outlet, which are defined by
From this definition, a larger relative variation indicates a larger reduction of leakage flow rate and normal momentum, meaning a better controlling effect on the leakage flow. Fig. 29 shows the distributions of the relative variations for the three cases. In case1, because the scraping vortex rapidly moves close to the suction side squealer rim after its formation and then overflows at the 65% streamwise position, there is an excellent controlling action on leakage flow rate and normal momentum in the 25%e65% streamwise region. In case3, because the scraping vortex is far away from the suction side squealer rim in the upstream of the 50% streamwise position, there is only a noticeable controlling action in the 50%e75% streamwise region, which is smaller than that in case1. Furthermore, the values of the relative variations in case3 are smaller than those in case1, which means the squealer tip has a weaker controlling effect on the leakage loss. In order to explain this phenomenon, the velocity vectors and streamwise vorticities at the section of 60% streamwise position in the case2 and case3 are compared, as shown in Fig. 30 . It shows that the positions of the scraping vortex inside the cavity, which are highlighted by the red dashed line, are almost the same. However, the absolute value of the steamwise vorticity in case3 is relatively small, which means that the vortex intensity is weaker than that in case2. The controlling effect of the squealer tip on the leakage flow is correspondingly affected.
The controlling effects of the squealer tip on leakage loss in three cases are further compared by the relative variation of the total pressure loss. The total pressure loss here is caused by the mixing between the leakage flow and main flow, which can be estimated by Ref. [36] .
The relative variation of the total pressure loss is given by dp
Fig . 31 shows the distribution of accumulated dp * along the streamwise direction. These results indicate that the varied blade loading distribution has changed the leakage performance of the squealer geometry. Compared to case2 and case3, the squealer geometry has a better controlling effect on the leakage loss in case1. In summary, the blade loading distribution in the tip section has the ability to affect the evolution and the characteristics of the scraping vortex, changing the controlling effect of the squealer geometry on the leakage loss. Therefore, a reasonable blade loading distribution needs to be achieved by squealer tip designers. It provides effective leakage loss reduction by organizing a scraping vortex with a higher intensity, larger influencing scope and a position closer to the suction side squealer rim.
Squealer height
Squealer height also plays an important role in the evolution of the scraping vortex inside the cavity. Five cases with different squealer heights of 0.5t, 1.0t, 1.5t, 2.0t and 2.5t are compared to investigate the impact of squealer height on development of the scraping vortex and leakage performance. The Mach number distributions and the captured scraping vortices are shown in Fig. 32 . From Fig. 32 (a) and (b) , when the squealer height is smaller than 1.5t, the influencing scope of the scraping vortex and its position in the cavity have barely changed with decreasing squealer height. However, its size is gradually restricted by the cavity floor. When the squealer height is greater than 1.5t, as seen in Fig. 32 (d) and (e), the influencing scope is reducing with increasing squealer height. As the squealer height increases, the vortex moves closer to the suction side squealer rim and decreases in size. An example of these changes at 50% streamwise position can be seen in Fig. 33 .
The distributions of the leakage flow rate and the normal momentum per unit area for different squealer heights are shown in Fig. 34 . When the squealer height is smaller than 1.5t, because the influencing scope of the scraping vortex and its position have barely changed, the critical zone is still concentrated to the 45%e 73% streamwise region. As the squealer height decreases, the controlling action on leakage flow rate and normal momentum is weakened through the smaller size of the scraping vortex, which induces a turbine stage efficiency decline, as shown in Fig. 35 . When the squealer height increases at heights greater than 1.5t, the controlling action on the leakage flow is gradually weakened because of the smaller influencing scope of the scraping vortex. However, in the upstream region, for example, near the 50% streamwise position in Fig. 34 , the equivalent flow area at the gap outlet is reduced since the scraping vortex moves closer to the suction side squealer rim. This induces a larger incident angle that strengthens the controlling action on the leakage flow. Under the combined effect of the two aspects above, the turbine stage efficiency decreases with an increasing squealer height, as shown in Fig. 35 .
In general, there is an optimum squealer height that promotes the best scraping vortex controlling effect on leakage loss. Therefore, a reasonable squealer height needs to be selected by designers, or else limited benefit on leakage performance will be obtained by using a squealer tip.
Gap height
Using the same blade loading and the same squealer geometry, five cases with different gap heights are compared to investigate the impact of the gap height on the squealer tip leakage loss. The gap heights are 0.6%, 1.0%, 1.4%, 1.8% and 2.2% of blade span. Fig. 36 shows the Mach number contours in each section and the scraping vortex captured by Q-criterion (Q ¼ 2e9). The influencing scope of the scraping vortex has no obvious change when the gap height is smaller than 1.0% of blade span. But when the gap height is larger than 1.0% and increases, the influencing scope is gradually reduced, and the vortex moves closer to the suction side squealer rim. Take the flow field at the 55% streamwise position as an example, as shown in Fig. 37 . When the gap height is 0.6% of blade span, the scraping vortex blocks the leakage flow, but leads to little reduction in the equivalent flow area at the gap outlet, limiting the benefit of leakage loss control. As the gap height is increased to 1.4% of blade span, the scraping vortex moves closer to the suction side squealer rim and decreases the equivalent flow area at the gap outlet by a larger incident angle, which is beneficial for leakage loss reduction. When the gap height is increased to 2.2% of blade span, there is no obvious controlling effect on the leakage flow, since no scraping vortex appears inside the cavity. It is shown from the discussion above that different gap heights can also change the scraping vortex characteristics and thus influence the leakage loss control. The variation of the turbine stage efficiency Dh ad is used to assess this influence. It is defined by the difference between the efficiency under each gap height condition and the one when the gap height is 1.4% of blade span. Fig. 38 shows the variation of the turbine stage efficiency for different gap heights. When the gap height is smaller than 1.0% of blade span, the difference in turbine stage efficiency between the flat tip and the squealer tip gradually increases as the gap height increases. It means that the turbine aerodynamic benefit by using the squealer tip is more sensitive to gap height variation. When the gap height is larger than 1.0% of blade span, the difference in turbine stage efficiency is roughly the same, which means the turbine aerodynamic benefit by using the squealer tip at large gap heights is not sensitive to the gap height variation.
Conclusion
1. Tip leakage loss mainly includes internal gap loss and external mixing loss. The amount of external mixing loss dominates the total leakage loss. Compared to the flat tip, although it increases the internal gap loss, the squealer tip decreases the external mixing loss apparently by reducing the leakage flow rate and momentum at the gap outlet, and thus improves the turbine aerodynamic performance significantly. 2. The scraping vortex is the dominant flow structure that plays a critical role in the leakage loss reduction when using the squealer tip. Specifically, the scraping vortex forms an aerolabyrinth liked sealing effect inside the cavity. Through this effect, the scraping vortex increases the energy dissipation of leakage flow inside the gap and reduces the equivalent flow area at the gap outlet. The discharge coefficient of the squealer tip is therefore decreased, and the tip leakage loss is reduced accordingly. 3. Casing relative velocity has the ability to impact scraping vortex characteristics, such as the size of vortex core and its influencing scope. Therefore, when investigating the flow structures or evaluating squealer tip controlling effects on leakage loss, researchers need to take the casing relative velocity into consideration. 4. The blade loading in the tip region can affect the intensity, influencing scope and position of the scraping vortex, causing a variation of its controlling effect on the leakage loss. The squealer height has an optimum value. When the squealer height deviates from it, the size of the scraping vortex or the critical zone where the leakage flow is effectively controlled will be reduced, which is disadvantageous to the leakage loss reduction. The sensitivity of aerodynamic performance benefit on squealer tip gap height is altered when the height deviates from a threshold. Benefiting from organizing the scraping vortex, the turbine leakage loss can be reduced remarkably by using a squealer tip with reasonable geometric parameters and a proper blade loading distribution in the tip region, which offers a very significant reference for effective squealer tip designs.
